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A B S T R A C T   

Objective: The present study aimed to see if 20-Deoxyingenol(20-DOI) could protect hippocampus 
neurons from the neurotoxic effects of morphine and reduce memory loss in rats. 
Method: Male Wistar rats were given morphine hydrochloride (45 mg/kg, sc, four weeks) and 20- 
DOI (10, 20 mg/kg, ip., coadministered with morphine) for the Morris Water Maze (MWM) test to 
investigate the effects of 20-DOI on spatial learning and memory. Western blotting was used to 
evaluate the expression of the hippocampal CA1 region of the cleaved caspase-3, Bax, and Bcl2 
proteins and so on. Moreover, these assays were used to evaluate the expression of superoxide 
dismutase (SOD)2, heme oxygenase 1(HO1) protein, and glutathione peroxidase (GPx) activity 
within the hippocampus CA1 area. 
Results: The administration of 20-DOI (10 and 20 mg/kg) to morphine-treated mice enhanced 
spatial learning and reduced memory deficits. Additionally, 20-DOI treatment reduced apoptosis 
and oxidative stress in the hippocampal CA1 region of morphine-treated rats. Moreover, 20-DOI 
improved the autophagy level of the hippocampal CA1 area of morphine-treated rats using 
Transcription factor EB (TFEB), and 20-DOI prevented spatial learning and memory impairment 
in morphine-treated rats. The current observation could be partially due to the inhibition of 
neuronal apoptosis and oxidative stress in the hippocampal CA1 region of rats treated with 
morphine and the improved autophagy in this region. 
Conclusions: 20-DOI attenuated morphine administration in rats with chronic disease caused 
spatial learning and memory dysfunction. These mechanistic effects could be partially related to 
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20-DOI protecting the CA1 region of rat hippocampal neurons from the morphine-induced 
oxidative stress, apoptosis, and autophagy through TFEB.   

1. Introduction 

Previous research has shown the hippocampus to play a critical role in spatial learning and memory [1]. It also indicates that 
opioids can affect hippocampal-dependent memory [2]. Learning and memory disorders caused by morphine addiction are related to 
the imbalance of HCN1 and HCN2 subunits in CA1 region [3].CA1 neural network plays an integrated role in memory [4].Additionally, 
long-term use of opioids can lead to blocked nerve formation, decreased bone density, and changes in the synaptic transmission process 
[5,6]. Related studies reveal that chronic use of morphine causes oxidative stress, apoptosis, and changes in autophagy in different 
brain regions, like the hippocampus [7]. In addition, decreased antioxidant enzyme activity of enzymes like glutathione peroxidase 
(GPx) and superoxide dismutase (SOD) causes oxidative stress damage during morphine administration [8]. In vivo experiments in rats 
have established that oxidative stress results in neurodegeneration in multiple brain areas, including the hippocampus, nucleus 
accumbens, and cerebral cortex, related to morphine-induced apoptosis [7,9,10]. 

In recent times, the primary source of new drugs is natural and herbal substances with medicinal promise [11]. In addition, more 
and more natural therapeutic compounds and their components have been used as complementary or alternative therapies for 
neurodegenerative diseases [12]. Therefore, numerous investigations have evaluated the protective properties of natural herbs with 
unique effects on oxidative stress management, reducing apoptosis, and improving autophagy [13,14].In this case, 20-Deoxyingenol 
(20-DOI) is isolated from the dried roots of Euphorbiaceae [15]. It has various pharmacological properties, including 
anti-inflammatory, anti-aging, anti-apoptotic, anti-oxidative, and promoting autophagy. Furthermore, 20-DOI can improve the 
occurrence of autophagy by Transcription factor EB (TFEB) [16]. TFEB is the main regulator of the whole autophagy lysosomal 
pathway (ALP) and overexpression of TFEB can alleviate aging related memory deficits in mice [17]. 

Based on the critical role of the hippocampus in chronic opioid-influenced emotional behavior, the current research aimed to 
determine the effect of 20- Deoxyingenol on hippocampal-dependent learning and memory impairments due to morphine. In addition, 
we also evaluated the impact of 20-DOI on oxidative stress, autophagy, and neuronal apoptosis in the hippocampal CA1 region of the 
rat after chronic morphine treatment. 

2. Material and methods 

2.1. Ethics statement 

The Animal Care and Use Committee of Wenzhou Medical University authorized all the surgical operations, therapies, and post-
operative animal care protocols following the "Guidelines for the Care and Use of Laboratory Animals of the National Institutes of 
Health." [18]The Animal Care and Use Committee of Wenzhou Medical University approved this study(ethic code:wydw2022-0703). 

2.2. Reagents and antibodies 

The 20-DOI (purity>98 %) was obtained from MCE (shanghai, China). An anti-TFEB antibody was obtained from Proteintech 
(Rosemont, Illinois, USA). Anti-LC3, BAX, BCL2, cleaved-caspase3, and Cyto antibodies were obtained from the Cell Signaling 
Technology (Beverly, Massachusetts, USA). The Anti-β-actin, LAMP1, SOD2, HO1, p62, and Lamin B antibodies were obtained from 
Abcam (Cambridge, Massachusetts, USA). Superoxide dismutase (SOD) and Glutathione peroxidase (GPx) assay kits were purchased 
from the Solarbio Company (Beijing, China). 

2.3. Animals 

The male Wistar rats (220 ± 10 g) were purchased from the Shanghai Animal Center of the Chinese Academy of Sciences. Other 
than behavioral testing, the rats were kept in polycarbonate cages in a colony room with an alternating 12-h light/dark cycle at 22–24 
±◦C (40–60 % humidity). The rats were provided specific pathogen free mice’s feed and water after autoclaving available at will. 
Before the studies, the animals were provided at least one week for acclimatizing to the laboratory setting. 

2.4. Experimental design 

The animals were assigned randomly to one of the four experimental groups, with eight rats in each group. 
The groups were as follows: (1) Sham group: rats were treated with normal saline (200 μl/rat, i.p.) for four weeks; 
(2) Morphine + sham group: rats were treated with morphine (45 mg/kg, sc) and normal saline (200 μl/rat, i.p.) for four weeks; (3, 

4) Morphine + 20-DOI groups: rats were given morphine (45 mg/kg, sc) and 20-DOI (i.p.) at a dosage of 10 and 20 mg/kg, respectively, 
for four weeks. 
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2.5. Morris water maze test 

The Morris water maze (MWM) assessed the involvement of the hippocampus in spatial learning and memory. Approximately 140 
cm in diameter and 60 cm high, the MWM was filled with water at 22 ± 1 ◦C and was enclosed entirely in black. Four sites were 
designated as the beginning conditions inside the water pool, separated into four conceptual quadrants (N, S, E, or W). A buried black 
platform (10 cm diameter) was installed in the middle of the southwest quadrant of the lake, 2 cm below the water surface. It was kept 
in the middle of the room, with four additional labyrinth visual clues placed on the walls surrounding each side of the equipment. 

We conducted the MWM test after 21 days of morphine treatment.During the learning phase,the animals were subjected to four 
separate trials each day for four days. Each individual rat was randomly selected from the four-quadrant locations and put in the water 
with its back against the pool wall. The time limit for each test was 60 s. The rats were escorted and compelled to remain on the 
platform for 15 s to ensure that they could not reach the platform on their own within 60 s.Spatial probe tests were conducted 24 h after 
the last navigational experiment. The platform was removed, and the rats were dropped into the water from any location facing the 
pool wall. We recorded the escape latency and the swimming speed. The goal quadrant swim time and platform-site crossings were also 
recorded. In addition, the animal mobility was measured using an automated tracking system (Ethovision software; version 7.1, Noldus 
Information Technology, Netherlands). 

2.6. Hippocampus tissue preparation 

After completing the MMW test, mice were euthanized with CO2.An ice-cold saline solution was used to extract the brain from the 
skull to isolate the hippocampal tissue. The next step was to dissect and homogenize the CA1 region of the hippocampus using cold- 
lysis buffer (10 mM Tris–HCl, 1 mM EDTA, 0.1 % SDS, 0.1 % Na 20-DOIxycholate, 1 % NP-40; 2 μg each of the protease inhibitors 
leupeptin, aprotinin, and pepstatin A; and 0.5 μmol/l PMSF at pH 7.4). Next, the lysate was separated from the supernatant by 
centrifuging for 20 min at 4 ◦C. Then, the complete cell fraction was transferred from the supernatant to the new tubes. The Bradford 
technique helped determine the protein content in each fraction. For molecular analyses, the samples from the supernatants were kept 
at − 80 ◦C. 

2.7. Western blot analysis 

2.7.1. Some molecular indicators in the hippocampal 
region in morphine-dependent rats were studied using Western blotting (WB). Polyacrylamide gel(10 %) electrophoresis separated 

proteins with the same quantity and then electrically transferred them to a PVDF membrane. Tris-buffered saline with Tween20 (TBS- 
T) (150 mM NaCl, 20 mM Tris–HCl, 0.1 percent Tween20, at pH 7.4) was used to block the membranes overnight at 4 ◦C. Then, a 
primary antibody was incubated overnight on the PVDF membranes and washed off. The blocking buffer was used to dilute all the 
antibodies. After washing three times with TBST, the blots were incubated with the corresponding secondary antibody for 2h at room 
temperature. The chemiluminescence was used to detect the blots, and band densitometry was performed with ImageJ. 

2.8. Immunofluorescence 

The specimens were all dehydrated, paraffin-embedded, and then sectioned at a thickness of 5 μm. Subsequently, the sections were 
deparaffinized in xylene, washed with ethanol, and hydrated for immunofluorescence. Then, the sections were treated with 10 % 
bovine serum albumin in PBS containing Triton X-100 and incubated overnight at 4 ◦C with the primary antibody. After incubation, 
Alexa Fluor 488 goat anti-rabbit secondary antibody was added for 1 h at room temperature to the sections that had been previously 
washed four times. After rewashing with PBS three times, the sections were rinsed for 10 min with 4,6-diamino-2-phenylindole (DAPI). 
Finally, the sections were rewashed with PBS and covered by a coverslip. In the experiment, an observer blindly counted the number of 
TFEB nuclear positive cells within each slice using an Olympus fluorescent microscope (Olympus, Tokyo, Japan). For quantitative 
evaluation, eight rats from each group were used. 

2.9. Histopathological analysis 

Each hippocampus tissue was stained with hematoxylin and eosin (HE) stain. The image was captured using an Olympus fluo-
rescence microscope (Olympus, Tokyo, Japan). Another set of expert histology researchers analyzed the cells and morphology of the 
hippocampus using microscopy without any prior knowledge. The scoring mechanism for the platform was being assessed. Eight mice 
were utilized from each group for histomorphology scoring. The sections were blocked with 1 % (w/v) goat serum albumin for 1 h at 
37 ◦C, followed by incubation with primary antibody (Neun, SOD, 1:200) at 4 ◦C for another 24 h. Sections from the negative sham 
group were treated with nonspecific IgG. Then, the sections were treated for 1 h at 37 ◦C with HRP-conjugated secondary antibodies. 
Therefore, it was determined that each specimen had at least three parts for viewing. 

2.10. Molecular modeling 

The 2D structure of one major compound was downloaded from the PubChem (https://pubchem.) database, and Chem3D was used 
for optimization. Then, a 3D map of the interacting target protein was searched and downloaded from the PDB (https://www.rcsb.org/ 
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) database. PyMoL 2.4.0 software was used to remove water and the original ligand from the target protein. Finally, the AutoDock 
visualization software was used for molecular docking, and mapping was done with PyMoL. The AutoDock software was used for 
docking. The lower the binding energy, the better the docking score and the higher the possibility of binding. 

2.11. Statistical analysis 

The statistical analyses were carried out using the SPSS 20.0 statistical software tool (IBM, Armonk, NY, USA). The data were 
analyzed using a one-way analysis of variance (ANOVA), followed by Tukey’s test to see if there were any differences between the 
sham and treatment groups. The Kruskal-Wallis H test assessed non-parametric data (OARSI and synovitis scores). P value of <0.05 

Fig. 1. The effect of 20-Deoxyingenol(20-DOI) treatment on spatial learning function in morphine-treated rats. The animals were treated with 
morphine hydrochloride (45 mg/kg, sc, four weeks) except for the sham group.(A) Representative of swim route traces of rats from different groups. 
Each bar represents the mean of escape latency (B) distance traveled and (C) finding a hidden platform over four consecutive day trials in the Morris 
Water Maze (MWM) test. All the data were presented as mean ± SD (n = 5); ##P < 0.01 vs sham group, *P＜0.05,**P < 0.01 vs morphine group. 
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was used to indicate statistical significance. 

3. Result 

3.1. Effects of 20-DOI on spatial learning and memory impairments in morphine-treated animals 

We completed a water maze test in response to the place navigation and spatial probing tests for investigating the relationship 
between 20-DOI and morphine-induced cognitive dysfunction. The place navigation test depicted a decrease in latency and the dis-
tance covered to locate and reach the concealed escape platform. Moreover, morphine-pretreated rats took longer than the sham group 
and had a higher latency time(Fig. 1A). Thus, morphine-pretreated rats had weaker spatial learning abilities. However, 20-DOI at 10 
and 20 mg/kg decreased the time for morphine-treated rats to flee(Fig. 1B) and the distance traveled(Fig. 1C). In addition, the probe 
test in the MWM test revealed that after the platform was removed, the morphine-pretreated group showed a decreased memory 
capacity than the sham group. Therefore, chronic morphine treatment significantly impairs spatial memory. However, 20-DOI had a 
significant ameliorating effect on morphine-induced memory impairment. Hence, these results indicate that 20-DOI protects rats from 
morphine-induced impairments of learning and memory. 

Fig. 2. 20-Deoxyingenol (20-DOI) treatment inhibits morphine-induced apoptosis in the hippocampus. The animals were treated with morphine 
hydrochloride (45 mg/kg, sc, four weeks) except for the sham group. (A, B) Represented hematoxylin and eosin (HE) staining, the immunohisto-
chemistry of cleaved caspase-3 of the hippocampus in the four groups at four weeks after morphine treatment. (C, D) Western blotting revealed the 
level of Bax, Bcl-2, cleaved caspase-3, and Cyto c in the hippocampus of treated animals. All the data were presented as mean ± SD (n = 5); ##P <
0.01 vs Sham group, *P＜0.05,**P < 0.01 vs morphine group. 
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3.2. Effect of 20-DOI on apoptosis in the hippocampus CA1 of morphine-treated animals 

The impact of 20-DOI on apoptosis was assessed in morphine-pretreated rat hippocampus CA1. Immunohistochemistry analysis 
revealed that caspase-3 expression within morphine-pretreated hippocampus CA1 was higher than the unaffected counterparts. In 
addition, 20-DOI could improve the observed phenomenon(Fig. 2A). As 20-DOI dosage rises, 20-DOI may dramatically reduce caspase- 
3 expression, which is upregulated by morphine pretreatment(Fig. 2B).Western blot was used to determine the expression of Bax, Bcl2, 
caspase-3, and Cyto. The molecular expressions of Bax, caspase-3, and Cyto were dramatically enhanced than in the sham group, while 
the molecular expression of Bcl2 was significantly reduced in the morphine pretreatment group. However, 20-DOI could effectively 
reverse this change, causing a decrease in the molecular expression of Bax, caspase-3, and Cyto and an increase in the expression of 
Bcl2 in a dose-dependent manner(Fig. 2C). 

3.3. Effect of 20-DOI on oxidative stress in the hippocampus CA1 of morphine-treated animals 

The SOD, HO-1, and Gpx were significantly lowered in the CA1 area of the hippocampal tissue of the morphine-treated rats than in 
saline-treated rats. Administration of 20-DOI dramatically enhanced the SOD, HO-1, and Gpx activity levels within the CA1 area of 
chronic morphine-treated rats(Fig. 3A–C). The immunohistochemistry findings were consistent with the above results and were dose- 
dependent(Fig. 3D). In the hippocampal regions of rats given morphine, 20-DOI dramatically increases the activities of glutathione 

Fig. 3. 20-Deoxyingenol (20-DOI) treatment inhibits morphine-induced oxidative stress in the hippocampus. The animals were treated with 
morphine hydrochloride (45 mg/kg, sc, four weeks) except for the Sham group. (A, B) Western blotting revealed the level of superoxide dismutase 
(SOD)2, heme oxygenase 1(HO-1) in the hippocampus of treated animals. (C, D) Representing the immunohistochemistry of SOD2 of the Hippo-
campus in the four groups at four weeks post-morphine treatment. (E, F) SOD and glutathione peroxidase (GPx) activity in the hippocampus of 
morphine-treated rats. All the data were presented as mean ± SD (n = 5); ##P < 0.01 vs Sham group, *P＜0.05,**P < 0.01 vs morphine group. 
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peroxidase (GPx) and superoxide dismutase (SOD)(Fig. 3E and F). 

3.4. Effect of 20-DOI on autophagy in the hippocampus CA1 of morphine-treated animals 

20-DOI recovered autophagic flux in morphine-treated rat hippocampal CA1 tissue. Western blotting was employed to identify 
LC3-II/ILC3-I and p62 as indications of autophagy flux and Lamp1 as lysosomal biogenesis indicators. Despite increased P62 
expression, Lamp1 expression and the ratio of LC3-II/LC3-I within the hippocampal CA1 reduced after morphine pretreatment. It 
indicated that morphine-treated hippocampal CA1 impeded autophagic flow, inhibiting lysosome biogenesis. After treatment with 20- 
DOI, the Lamp1 and LC3-II/LC3-I ratio expressions were both up-regulated compared to morphine administration alone. In contrast, 
p62 expression was reduced, indicating restoration of the autophagy flux and lysosome biogenesis stimulation(Fig. 4A and B). In 
immunofluorescence detection, and the results indicated that the expression level of LC3II reduced after morphine administration. In 
contrast, treatment with 20-DOI resulted in an increase, consistent with the findings from Western blotting(Fig. 4C). After morphine 
therapy, our findings implied that 20-DOI could help restore autophagic flux in the hippocampus CA1. 

3.5. 20-DOI may promote autophagic flux in the hippocampus CA1 via TFEB 

Western blotting examined the impact of 20-DOI on TFEB. After morphine therapy, there was a drop in the nuclear level of TFEB, 
while the nuclear level of TFEB elevated after 24h of 20-DOI treatment. Furthermore, the TFEB nuclear level increased when morphine 
and 20-DOI were administered to the hippocampus CA1 together(Fig. 5A and B). These findings indicated that 20-DOI could increase 
the nuclear level of TFEB in morphine-treated hippocampus CA1. Therefore, we speculate that 20-DOI can promote the autophagic flux 

Fig. 4. 20-Deoxyingenol (20-DOI) treatment induces autophagy in the hippocampus. All the animals were treated with morphine hydrochloride 
(45 mg/kg, sc, four weeks) except for the Sham group. (A, B) Western blotting revealed the level of Lamp1,p62, and LC3 in the hippocampus of 
treated animals. (C, D) Immunofluorescence staining of LC3 treated with morphine hydrochloride. All the data were presented as mean ± SD (n =
5); ##P < 0.01 vs Sham group, *P＜0.05,**P < 0.01 vs morphine group. 
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in the CA1 hippocampus through TFEB. 

3.6. Molecular docking determines the interaction between 20-DOI and TFEB 

We used molecular docking analysis to search for potential proteins that could be controlled by 20-DOI to understand better the 
underlying mechanism of the effect of 20-DOI on autophagy. Before undergoing the molecular docking study, the 20-DOI structure was 
constructed in the Discovery Studio 2016(Fig. 5C). The possible targets of 20-DOI like TFEB were retrieved from the Protein Data Bank 
(PDB)(Fig. 5F). 

After that, molecular docking was used to determine the affinity of the 20-DOI for several potential targets. The -CDOCKER energy 
score was the highest (6.2 kcal/mol) for 20-DOI versus the TFEB(Fig. 5D), indicating that the affinity of 20-DOI for TFEB is the 
strongest. 

A two-dimensional binding model was used to visualize the binding sites of 20-DOI and TFEB to demonstrate the potential of 20- 
DOI in activating TFEB(Fig. 5E). The findings indicated that 20-DOI could interact with TFEB through van der Waals, salt bridge, alkyl, 
and hydrogen bonds, with three possible active sites (ARG224, LEU205, TYR213)(Fig. 5G). Moreover, 20-DOI may dissociate the TFEB 
and induce autophagy by engaging with these sites. 

These findings indicate that 20-DOI may directly interact with TFEB and influence autophagy. 

Fig. 5. 20-Deoxyingenol (20-DOI) treatment promotes the translocation of Transcription factor EB (TFEB) to nuclear and molecular docking be-
tween 20-DOI and TFEB. The animals were treated with morphine hydrochloride (45 mg/kg, sc, four weeks) except for the Sham group. (A, B) 
Western blotting revealed the levels of TFEB in the cytoplasm and nucleus in the hippocampus of treated animals. (C,D,E,F,G) The 3D docking 
analysis between 20-DOI and TFEB, and affinity energy is − 6.2 kcal/mol. The 2D binding model between 20-DOI and TFEB and the molecules of 
TFEB interacts with 20-DOI using eight van der Waals and two pi-alkyl bonds. All the data were presented as mean ± SD (n = 5); ##P < 0.01 vs 
Sham group, *P＜0.05,**P < 0.01 vs morphine group. 
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4. Discussion 

The current work investigated the beneficial effects of 20-DOI on cognitive impairment, neuronal apoptosis, oxidative stress, and 
autophagy in the CA1 region of the hippocampus caused by enduring morphine administration in rats. Based on our findings, the 
neuroprotective effects of 20-DOI against morphine-induced neurotoxicity in the hippocampus are associated with oxidative stress 
prevention by enhancing the activities of SOD, HO-1, and Gpx, apoptosis attenuation by prohibiting the expression of cleaved caspase- 
3, Cyto and Bax/Bcl2 ratio protein and the amelioration of autophagy through TFEB. 

Previous research has established that opioids affect various structures in the brain, including memory impairment with morphine 
[10,19]. However, the underlying mechanism of morphine-induced memory impairment is not fully elucidated. Studies have depicted 
that memory impairment due to morphine may be caused by any damage to the related areas of the hippocampus [20]. The hippo-
campus itself has irreplaceable functions concerning spatial learning and memory formation [21]. Evolution of hippocampal cortical 
aggregates during memory consolidation promoted by dentate gyrus CA3 inhibitory circuit [22]. CA3 axons innervated CA1 neurons in 
a highly topographical manner [23].In a study on the mGlu5 receptor protein, it was found that CA3 may play a role in short-term 
memory and CA1 may play a role in long-term memory consolidation [24]. The Morris water maze is one of the most potent pieces 
of evidence to measure hippocampal functions [25]. 

We found through the Morris water maze that morphine-pretreated rats had much higher latency and traveled farther than sham 
rats, consistent with the previous studies [26]. This indicates that chronic morphine treatment can damage the hippocampal function 
in rats and lead to defects in spatial learning and memory. 

Although many studies have revealed that morphine has severe neurotoxic effects on the hippocampus [27], the mechanism is 
unclear. However, previous studies have shown that the damaging effects of opioids like morphine could be due to oxidative stress 
[28]. 

Apoptosis is a process involving caspase family members being activated through pro-apoptotic stimuli like endoplasmic reticulum 
stress and reactive oxygen species [29]. Changes in the intracellular environment, including endoplasmic reticulum stress, excess 
reactive oxygen species, and the pro-apoptotic B-cell lymphoma-2-related X protein, lead to incomplete mitochondrial membranes, 
release cytochrome C in the cytoplasm, and oxidative stress or Ca2+ overload. Thus, the permeability transition pore is opened, the 
mitochondria ruptured, apoptotic bodies formed, and finally, apoptosis happened [30,31]. Many studies have depicted that morphine 
can cause pathological brain tissue damage and is closely associated with brain neuron apoptosis [32]. At the same time, morphine 
treatment resulted in a significant increase in the expression of apoptotic proteins like caspase-3, Bax, and cyto, and relatively 
decreased Bcl-2 protein, stimulating hippocampal apoptosis [7,33,34]. 

Regulation of oxidative stress can alleviate excessive autophagy, apoptosis, and lipid metabolism disorders [35]. It has been 
depicted that morphine induces neuronal oxidative stress damage and neurodegeneration [36]. Moreover, the level of lipid peroxi-
dation in the brain of animals was increased after morphine administration [37]. Furthermore, morphine can elevate dopamine 
concentration in the synapse, which is metabolized by monoamine oxidase-B in the human body for catalyzing the production of 
dihydroxyphenylacetic acid and hydrogen peroxide [38–40]. Thus, the endogenous hydrogen peroxide decomposition produces 
several cytotoxic reactive oxygen species like hydroxyl radicals [41]. Moreover, morphine can also be metabolized for generating free 
radicals, releasing excessive reactive oxygen species, and causing oxidative stress damage [7]. The levels of total thiol levels,SOD, and 
GPx in the hippocampus of animals injected with morphine decreased, indicating the central nervous system is vulnerable to oxidative 
stress [42]. Similarly, studies have shown that GSH levels were reduced after intraventricular injection of morphine in the cerebro-
spinal fluid of patients with intractable cancer pain. Additionally, morphine could deplete the antioxidant GSH predisposing the 
central nervous system to oxidative stress [43]. 

Studies have depicted that morphine treatment of rat pheochromocytoma cells can increase ROS, triggering autophagy and clearing 
damaged mitochondria [44]. Although morphine-induced memory impairment was attenuated when autophagy was activated in the 
hippocampal neurons, it also proved that the repeated injections of morphine activated the autophagic flux in the hippocampal CA1 
region [45]. After inhibiting autophagy with 3-MA, it was observed that morphine-induced memory impairment in mice was 
significantly elevated, and the death of pyramidal layer cells within the hippocampal CA1, CA3 and DG regions was also considerably 
increased [46]. Morphine negatively regulates the maturation of autophagosomes, hindering the fusion of autophagosomes with 
autophagolysosome [47].TFEB is abnormally expressed in neurodegenerative disorders, including Alzheimer’s and Parkinson’s [48]. 
Recent studies have also revealed that this abnormality of TFEB is associated with either autophagy or lysosomal dysfunction [49]. 

In the present study, 20-DOI reversed neuronal apoptosis, oxidative stress response, abnormal autophagy, and inhibited neuro-
genesis, spatial learning, and memory impairment in chronic morphine-treated rats. Several studies have revealed that Euphorbiaceae 
and its extracts demonstrate anti-apoptotic effects on embryonic kidney cells [50]. Meanwhile, 20-DOI suppresses apoptosis in 
chondrocytes and improves autophagy by TFEB [16]. In addition, Euphorbiaceae reduces oxidative stress and lipotoxicity by 
concurrently modulating GLUT4 overexpression in the diabetic rat liver tissues [51]. 

This study suggests that 20-DOI can promote nuclear TFEB expression, inhibit apoptosis and oxidative stress in hippocampal CA1, 
and improve autophagy. Under chronic morphine conditions, the hippocampal CA1 apoptosis and oxidative stress are exacerbated, 
and autophagy becomes abnormal, which can be reversed with 20-DOI. Furthermore, studies have shown that autophagic subsection 
formation is decreased, and lysosomal activity is disrupted through chronic morphine treatment. Our study showed that 20-DOI 
administration promoted autophagosome production and increased TFEB expression in the nucleus of the hippocampal CA1 region. 
These findings indicate that 20-DOI could inhibit apoptosis, oxidative stress, and autophagy by modulating TFEB in hippocampal CA1. 
Therefore, 20-DOI inhibits chronic morphine-induced apoptosis, improves oxidative stress, enhances autophagic flux, restores lyso-
somal function, and improves morphine-induced hippocampus neurotoxicity and memory deficits in the rats. 
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Our study was limited to examining the role of 20-DOI with the oxidative stress, apoptosis, and autophagy. However, we have not 
explored specific molecules pathways. Secondly, our research only preliminarily verified the role of TFEB. Therefore, further research 
on the role of TFEB in morphine-induced hippocampus neurotoxicity is required.Furthermore, Previous studies have indicated that the 
aggravation of memory impairment caused by morphine was due to autophagy inhibition in hippocampal neurons, resulting in 
increased apoptosis of neurons, especially those located in CA1 region. Therefore, we only studied the hippocampal CA1 region, and 
further research is needed to investigate the effects of 20-DOI on other regions such as CA3 in the hippocampus. 

5. Conclusion 

We observed that 20-DOI attenuated morphine administration in rats with chronic disease caused spatial learning and memory 
dysfunction. These mechanistic effects could be partially related to 20-DOI protecting the CA1 region of rat hippocampal neurons from 
the morphine-induced oxidative stress, apoptosis, and autophagy through TFEB. 
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